When lactic streptococci were embedded in agar gels and incubated at 300C, the end products of carbohydrate fermentation depended on the initial cell density, which determined the subsequent distribution and size of colonies in the gel. With high initial cell densities, microcolonies formed close together and lactose and glucose were converted almost entirely to lactate. However, inoculation with a small number of cells, which then grew to form widely spaced and comparatively large colonies, resulted in up to 30% diversion of end product, usually to formate, ethanol, and acetate. In these "low-colony-density" gel cultures, the initial rate of fermentation was exponential and only lactate was formed. However, this rate then became linear and fermentation became progressively more heterolactic. Streptococcus lactis ML4 was the only strain among the 10 tested which remained homolactic. Incubation at temperatures either above or below the optimum for growth and metabolism decreased the diversion to end products other than lactate. The change from homo-to heterolactic fermentation appears to be caused by carbohydrate depletion in the vicinity of the colony, so that fermentation is then limited by the diffusion of substrate. Growth of cells on gel surfaces exposed to air resulted in up to 40% diversion of end product from lactate, mainly to C02, acetoin, 2,3-butanediol, and acetate. Six of the 12 Streptococcus cremoris strains tested remained homolactic under these aerobic conditions, whereas all 8 of the S. lactis strains tested, including Ml*, were heterolactic.
Lactic streptococci play a vital role in many commercial milk fermentations, where their primary function is to ferment lactose to lactic acid. These organisms are useful because they possess limited metabolic diversity and grow rapidly on lactose, converting virtually all of the fermented milk sugar to L-lactate (10) . Production of more than small amounts of secondary products is likely to upset the traditional delicate flavors of fermented milk products. Although lactic streptococci have been classically regarded as homolactic organisms, recent studies have shown that most strains have the potential for heterolactic fermentation, a potential which can be unmasked by growth under certain environmental conditions. End products were diverted (up to 99%) from lactate during growth in a chemostat with limiting glucose (17) or limiting lactose (16) , and products were also diverted (up to 70%) during growth on galactose in batch cultures (19) . The products formed, instead of lactate, were formate, acetate, and ethanol in all cases, suggesting the involvement of pyruvate-formate lyase under these growth conditions (19) . Small amounts of these compounds have been found in cheese (2, 14) , but it is not clear whether (i) the compounds originated from lactose and (ii) the lactic streptococci used as "starter" organisms were involved in their fornation. Although the lactose in Cheddar cheese is often utilized completely during ripening (20) , it is not known whether lactose limits the rate of starter fermentation. Studies of sugar fermentation by lactic streptococci growing in agar gels were undertaken since this environment more closely resembles that in cheese curd than does a liquid culture system, in which the cells are not immobilized. (Fig. 1 ), cultures were incubated until glucose was completely exhausted (i.e., normally for up to 3 days, but at suboptimum temperatures for up to 7 days). For determination of the rate of glucose utilization (Fig. 1) , at each time point duplicate tubes were rapidly frozen or placed in a boiling water bath to stop metabolism. For the low-colony-density gels in Fig. 1 appropriate atmosphere and lined with moistened absorbent paper, which prevented detectable moisture loss from the gels. After sugar exhaustion, the entire gel layer was removed, placed in a vial, and held at -20°C before analysis.
MATERIALS AND METHODS

Organisms
When detailed end product analyses were required for aerobic gel cultures (see Table 3 ), the gel layer was formed in a Kimax milk dilution bottle (Kimble Products, Toledo, Ohio). Agar (10 ml) containing 0.50% glucose was placed on a side surface to form a layer -105 by 38 by 2.5 mm deep. About 106 CFU were spread over the gel surface, contact with the sides of the bottle being avoided since this allowed colonies to spread along the agar-glass interface. The bottles, which had a total air volume of 165 ± 2 ml, were sealed with a C02-impermeable rubber septum and incubated at 30°C until the glucose was completely utilized. Samples of the atmosphere were removed by syringe for gas analysis, and the gel was then stored at -20°C.
Fermentation product analysis. CO2 in the headspace of aerobic gel cultures was determined both with an infrared gas analyzer (Hartman and Braun, Frankfurt, West Germany) and by gas chromatography (Varian 2800 gas chromatograph with dual glass columns packed with 80-100-mesh Poropak QS [Waters Associates, Milford, Mass.], H2 carrier gas, column temperature of 30°C, and thermal conductivity detectors running at 225°C and 150 mA). The atmosphere from uninoculated agar bottles was used as a blank. Before analysis for residual sugar and lactate, gel cultures were heated to 100°C, and the liquid agar was then centrifuged (17,000 x g, 1 min) to remove bacterial cells. Supernatant agar samples were then diluted into water at 50°C before enzymatic assay of L-lactate (8), residual glucose (Statzyme method, Worthington Diagnostics, Freehold, NJ), lactose (Statzyme method after hydrolysis with fi-galactosidase), and galactose (9) . Other fermentation products were assayed by direct injection of liquid agar, or by injection of concentrated gel extracts, into an open-ended, phosphoric acid-treated glass precolumn fitted to a Varian 2800 gas chromatograph. For extraction of fermentation products, the entire gel culture was mashed, and a sample (2.0 g) was blended with 0.025 N NaOH (8.0 ml). After centrifugation (17,000 x g, 1 min), supernatant solutions (pH -9.5) were evaporated to dryness at 60°C under N2 and taken up in a small volume of 0.5 N H2SO4, and samples (1 to 2 pi) were injected into the gas chromatograph. For formate analysis, dual glass columns packed with Poropak QS (80 to 100 mesh) and thermal conductivity detectors (H2 carrier gas) were used, whereas for ethanol, acetate, acetoin, and 2,3-butanediol the same columns were used but with flame ionization detection and N2 carrier gas. Other operating conditions were as previously described (17) . The detection limit for formate was about 75 jug/ml; for the other products, it was about 50,ug/ ml. Uninoculated agar was included as a blank in all assays.
RESULTS
Effect of initial cell density on fermentation of glucose to lactate by lactic streptococci growing while embedded in gels. The Streptococcus diacetylactis DRC1 the conversion was 84% (Table 1 ). In contrast, at low colony densities (-5 CFU/ml) up to -30% diversion to end products other than lactate occurred. An exception was S. lactis ML*, which remained homolactic. At densities of 10 to 100 CFU/ml, values for conversion of glucose to lactate were between those listed in Table 1 .
Time course for glucose fermentation by celis growing embedded in gels. With a high initial cell density, the rate of glucose utilization was exponential (Fig. 1) , suggesting that glucose did not become limiting until the point of exhaustion. In gels with low colony densities, the rate of glucose utilization was exponential up to 30 to 50% total glucose utilized but then became linear (plot not shown). At high colony densities the glucose utilization rate, which was only marginally slower than the growth rate of S. lactis ML3 in liquid medium (doubling time, 32 min), was seven times the maximum rate with low colony densities. This suggests that in the relatively large colonies, which develop when their density is low, glucose is initially available in excess only to a proportion of the cells, presumably those located near the outside ofthe colony. The change to a linear rate of glucose utilization may coincide with depletion of glucose in the vicinity of the colony so that glucose utilization is diffusion limited. The possibility that the reduced rate arose from the accumulation of toxic products, such as lactic acid, appeared to be excluded since similar results were obtained with initial glucose concentrations of 0.1% (Fig. 1) and 0.2% (data not shown).
Estimation of the conversion of glucose to lactate with time in the low-colony-density gels showed that, in the period when glucose utilization was exponential, fermentation was homolactic. As the rate of glucose utilization became linear, an increasing degree of heterolactic metabolism occurred; thus, in this period, when -50% of the total glucose was utilized, only about half was converted to lactate.
Identification of end products formed from glucose by lactic streptococci growing at low colony densities in gels. Formate, ethanol, and acetate accounted for most of the glucose which was not fermented to lactate (Table 2). With all three heterolactic strains, the molar ratio of formate to ethanol plus acetate was close to 1:1, suggesting the involvement of pyruvate-formate lyase (19) . With the homolactic strain S. lactis ML4, these compounds were not produced in detectable amounts.
Effect of temperature on end products formed by colonies growing in gels. At temperatures ranging from 16 to 380C, fernentation by S. lactis ML3 was homolactic (92 to 95% conversion of glucose to lactate) when cells grew from high initial densities (-105 CFU/ml). However, with low initial cell densities (-5 CFU/ml). the fermentation pattern was temperature dependent. At 300C (the optimum growth temperature for ML3), the conversion of glucose to lactate was -77%, whereas at both 16 and 380C, -92% of the glucose was fernented to lactate.
Effect of carbohydrate on fermentation DISCUSSION The density of colonies growing in agar gels had an effect on the fermentation pattern of all but 1 of the 10 strains of lactic streptococci examined. High colony densities gave exponential glucose utilization and homolactic fermentation, whereas with low colony densities, diversion of end products occurred when the rate of glucose utilization became linear. The kinetics of growth of colonies on agar surfaces have been investigated for various bacteria (3, 12, 15, 21, 22) . The initial exponential growth rate was usually replaced by a slower, often linear, phase in which the growth rate of cells at low colony densities appeared to be limited by substrate diffusion. In this study, in which the rate of glucose utilization by cells growing while embedded in agar was measured, the transition to a linear phase (and to heterolactic fermentation) also appeared to be due to a limiting rate of substrate diffusion. The end product diverted from lactate was largely accounted for as formate, ethanol, and acetate. A similar switch in end products occurred when glucose became limiting in chemostat cultures of lactic streptococci (17) and also when batch cultures were grown on galactose (19) . The molar ratio of formate to ethanol plus acetate found in the gels was close to 1:1, suggesting that the pathway for diversion of pyruvate involved pyruvate-formate lyase. Other studies (17, 19) showed that the switch in end products from lactate to formate, ethanol, and acetate was associated with decreased intracellular levels of both fructose 1,6-diphosphate (an activator for lactate dehydrogenase) and triose phosphates (which inhibit pyruvate-formate lyase). S. lactis ML8 was the only exception among the strains examined and remained homolactic when growing at low colony densities in gels. This strain was also homolactic in glucose-limited chemostat cultures (17) and when grown on galactose (19) .
When lactic streptococci were grown from high initial densities on thin agar gel surfaces, the fermentation products depended on the presence of oxygen and on the strain. Anaerobic conditions invariably gave homolactic glucose fermentation, whereas aerobic conditions caused end product diversion with all 8 S. lactis strains but with only 6 of the 12 S. cremoris strains tested. Aerobic growth of liquid cultures of lactic streptococci has previously been reported to result in diversion of end products (1, 6, 11) , although few details are available. The homolactic S. cremoris strains (AM2 and C13, Table 3 ) did produce some C02 but little, if any, other detectable end products. Those strains producing acetoin and butanediol usually produced considerably more C02, suggesting the intermediate formation of acetaldehyde-thiamine pyrophosphate and a-acetolactate. It is not clear how acetate is produced, but the lack of detectable formate indicates that the highly oxygen-sensitive pyruvate-formate lyase is not functional in cells growing on gel surfaces exposed to air. Formation of products other than lactate may require an alternative system for reduced nicotinamide adenine dinucleotide oxidation, and this could involve molecular oxygen and reduced nicotinamide adenine dinucleotide oxidase, an enzyme present in these organisms (1) .
Although previous studies have indicated a markedly uneven distribution of lactic streptococci in cheese curd (4, 5, 13) , especially with S. cremoris strains (4), this irregular cell distribution occurs only at the microscopic level, and at the commencement of cheese making the curd usually contains at least 107 CFU of these starter bacteria per ml. This high cell density, together with the influence of various factors which slow down the rates of growth and metabolic activity of starter bacteria during the manufacture and ripening of cheese, appear to rule out the possibility that the rates of starter growth and fermentation in cheese are limited by the rate of lactose diffusion, even allowing for the different properties of cheese curd and agar gels. In addition, the environment in the bulk of the cheese curd during the course of lactose fermentation is likely to be essentially anaerobic (7) , so that, on the basis of the present data, lactic streptococci are unlikely to produce quantitatively significant amounts of heterolactic products in cheese. However, adventitious bacteria can have a major role in lactose fermentation, at least in Cheddar cheese (20) . These organisms, which are often predominantly lactobacilli or pediococci or both, are initially present in the cheese at very low levels (_ 102 CFU/g of cheese at the time of manufacture) and grow as discrete microcolonies mainly associated with curd junctions (13) . The possibility of heterolactic fermentation by these organisms resulting from lactose limitation is under investigation.
